Abstract MiR-15a/16-1 and miR-15b/16-2 clusters have been shown to play very important roles in regulating cell proliferation and apoptosis by targeting cell cycle proteins and the antiapoptotic Bcl-2 gene. However, the physiological implications of those two clusters are largely elusive. By aligning the primary miR-15a/16-1 sequence among 44 vertebrates, we found that there was a gap in the homologous region of the rat genome. To verify that there was a similar miR-15a/16-1 cluster in rats, we amplified this region from rat genomic DNA using PCR and found that a 697-bp sequence was missing in the current rat genome database, which covers the miR-15a/16-1 cluster. Subsequently, we also investigated the expression pattern of individual miRNAs spliced from miR-15a/16-1 and miR-15b/16-2 clusters, including miR-15a, miR-15a*, miR-15b, miR-15b*, miR-16-1/2, and miR-16-1/2* from various rat tissues, and found that all of those miRNAs were expressed in the investigated tissues. MiR-16 was most expressed in the heart, followed by the brain, lung, kidney, and small intestine, which indicates tissue specificity for individual miRNA expression from both clusters. Our results demonstrated that both miR-15a/16-1 and miR15b/16-2 clusters are highly conserved among mammalian species. The investigation of the biological functions of those two clusters using transgenic or knockout/knockdown models will provide new clues to understanding their implications in human diseases and finding a new approach for miRNA-based therapy.
Introduction
MicroRNAs (miRNAs) are noncoding, endogenous, small RNAs that regulate gene expression by either degrading mRNA or inhibiting protein translation at the post-transcriptional level (Suzuki et al. 2009 ). MiRNAs have been implicated in various human diseases, including cancer and cardiovascular, developmental, viral, and neurodegenerative diseases (Bilen et al. 2006; Cordes et al. 2009; Cullen 2009; Hammoud et al. 2009; Kota et al. 2009; Lawler and Chiocca 2009; Legesse-Miller et al. 2009; Suzuki et al. 2009; Valastyan et al. 2009; Yokota 2009 ). MiR-15a/16-1 and miR-15b/16-2 clusters have been shown to regulate cell cycle and apoptosis by targeting cyclin D3 (CCND3), cyclin E1 (CCNE1), CDK6 (Linsley et al. 2007; Liu et al. 2008) , and the antiapoptotic gene Bcl-2 in various cancer cells (Aqeilan et al. 2009; Bandi et al. 2009; Cimmino et al. 2005; Guo et al. 2009; Xia et al. 2008) . The miR-15a/16-1 cluster was found to be frequently deleted or downregulated in more than two thirds of chronic lymphocytic leukemia (CLL) cases (Cimmino et al. 2005; Wang et al. 2008) . Using cDNA microarray and proteomics analysis, the miR-15a/16-1 cluster was recently shown to target PDCD4, RAB21, IGSF4, SCAP2 or Bcl-2, and Wt1 (Calin et al. 2008 ). In addition, this cluster also regulates early embryonic patterning, acting at the crossroads of fundamental signaling cascades in Xenopus by targeting the Nodal type II receptor Acvr2a, which is a core component of Nodal signaling (Martello et al. 2007 ). The miR-16-2 gene in the miR-15b/16-2 cluster has the same mature sequence as miR-16-1, whereas there are four nucleotide differences between miR-15b and miR-15a. However, it shares the same seed sequence, which indicates a potential similarity in function. The growing experimental evidence demonstrates that both miR-15a/16-1 and miR-15b/16-2 clusters are important gene regulators that fine tune the complicated gene networks in a variety of cell lines. The pathophysiological functions of both clusters have not been investigated yet, however. We aligned the primary miR15a/16-1 and miR-15b/16-2 clusters' sequences among mammalian species and found a gap in the homologous region of the miR-15a-16-1 cluster in the rat genome database. In view of the importance of this cluster, we postulated that there should be a miR-15a/16-1 cluster in the rat genome. To verify that this is the case, we cloned and sequenced the rat primary miR-15a/16-1 cluster and found that there was a miR-15a/16-1 cluster in the rat that shares homologous sequence with mouse and human. In this study we identified the 796-bp primary miR-15a/16-1 cluster sequence in the rat, which aligned with mouse primary miR-15a/16-1. In addition, we detected the expression of each miRNA spliced from the miR15a/16-1 and miR-15b/16-2 clusters from various tissues of adult rats. We also analyzed the conservation, host genes, chromosome locations, and functional implications for both clusters.
Materials and methods
Amplification of rat primary miR-15a/16-1 cluster PCR was performed to amplify the miR-15a/16-1 cluster from Sprague-Dawley rat genomic DNA using the primers 5 0 -GATACTCGAGCAGAAGTTTGGCTAATTTAATAA TC-3 0 (forward) and 5 0 -GCGAATTCGCCAAGGATGA CCTTAAGCCTC-3 0 (reverse). The PCR conditions were as follows: denatured at 94°C for 3 min, followed by 30 cycles of 94°C for 30 sec, 60°C for 45 sec, and 72°C for 1 min, and final extension for 5 min at 72°C. The PCR product was purified from agarose gel and cloned into the plasmid pCR2.1 TA vector (Invitrogen; Carlsbad, CA). The insert was verified by restriction enzyme and sequencing.
Bioinformatics analysis
The individual mature miRNA sequences spliced from miR-15a/16-1 and miR-15b/16-2 in human, mouse, and rat (except rat miR-15a/16-1) clusters were downloaded from the Wellcome Trust Sanger Institute miRBase, release 13.0 (Griffiths-Jones et al. 2006 . The conservation alignment for the miR-15a/16-1 and miR-15b/16-2 clusters was performed using UCSC Genome Bioinformatics (http://genome.ucsc.edu). The chromosomal locations of miR-15a/16-1 and miR-15b/16-2 in mouse, rat, and human were determined using the Ensembl database (http://www. ensembl.org). The sequence alignment was performed using ClustalW (http://www.ebi.ac.uk/Tools/clustalw2/). Precursor sequences were analyzed for secondary structure using MFOLD (http://mfold.bioinfo.rpi.edu).
Detection of miRNA expression using polyA tailing PCR Total RNA was extracted from the brain, heart, liver, lung, kidney, spleen, small intestine, and testes of 2-month-old Sprague-Dawley rat with Trizol Reagent (Invitrogen). For polyA tailing reverse transcriptase PCR (RT-PCR), 5 lg of total RNA from each tissue was treated with DNase I (Invitrogen) for 15 min at room temperature and then polyadenylated using polyA polymerase (NEB; Ipswich, MA) at 37°C for 1 h. The final reaction mixtures were extracted with phenol/chloroform, precipitated with isopropanol, and redissolved in 25 ll of diethylpyrocarbonate (DEPC)-treated water. Of the polyA tailed RNA, 6 ll were reverse transcribed into first-strand cDNA using Superscript III transcriptase (Invitrogen) with the oligo-dT adapter primer: 5 0 -GCGAGCACAGAATTAATACGACT CACTATAGGTTTTTTTTTTTTVN-3 0 . For PCR, 1 ll of RT product was diluted three times and used as a template in each reaction. The reverse primer for each miRNA was the same tailing sequence: 5 0 -GCGAGCACAGAATTAA-TACGACTCAC-3 0 . The forward primer was specific to individual miRNA mature sequences (Supplementary  Table 1) , and U6 snRNA sequences were amplified as an internal control using the primers 5 0 -GCTTGCTTCG GCAGCACATATAC-3 0 (forward) and 5 0 -TGCATGT-CATCCTTGCTCAGGG-3 0 (reverse). The polyA tailing RT-PCR was performed to detect the expression of miR15a/16-1 and miR-15b/16-2 clusters. The final PCR product was visualized in a 2% agarose gel.
Results

Cloning and identification of rat miR-15a/16-1 cluster
We aligned the miR-15a/16-1 cluster among vertebrates and found that there was a gap in the homologous region of the rat genome (Fig. 1a) . To verify that there is a similar miR-15a/16-1 cluster in the rat genome, we performed PCR to amplify the primary miR-15a/16-1 sequence from rat genome DNA. The PCR product was cloned into the pCR2.1 vector and sequenced. We found that a 796-bp sequence that includes the miR-15a/16-1 cluster is missing in the current rat genome database. The primary miR-15a/ 16-1 sequence was aligned with the mouse genome in the same region ( Supplementary Fig. 1 ). The verified sequence has been submitted to GenBank (accession No. GQ903793).
miR-15a/16-1 and miR-15b/16-2 are highly conserved clusters
The miR-15a/16-1 cluster is located in chromosome 13 in humans, 14 in mice, 15 in rats, and 17 in rhesus monkeys, whereas the miR-15b/16-2 cluster is in chromosome 3 in humans and mice and 2 in rats and rhesus monkeys. The miR-15a/16-1 cluster produces miR-15a, miR-15a*, miR-16-1, and miR-16*-1, whereas the miR-15b/16-2 cluster generates miR-15b, miR-15b*, miR-16-2, and miR-16*-2. The individual mature miRNA for both clusters contains 22 nucleotides. These two clusters are highly conserved through the alignment of genomes among 44 vertebrates (Fig. 1a, b) . We aligned the mature miR-15a/16-1 and miR-15b/16-2 clusters among humans, mice, rats, and rhesus monkeys. MiR-15a, miR-15b, and miR-16-1/2 have the same sequences among these species except that (1) miR-15a* in the mouse has one mismatch with rats, humans, and rhesus monkeys and (2) miR-16* in the mouse and rat has one mismatch with both humans and rhesus monkeys, although this miRNA has the same sequence between mice and rats and between humans and rhesus monkeys (Fig. 2) .
Host genes for miR-15a/16-1 and miR-15b/16-2 clusters
The miR-15a/16-1 cluster is hosted by the tumor suppressor gene DLEU2, which is frequently deleted in CLL, myeloma, and mantle cell lymphoma (Lerner et al. 2009 ). There are eight transcripts of DLEU2, none of which encode the protein in humans. In mice, this cluster is hosted in the intergenic region of two unidentified genes, AK080165.1 and AK134888.1. These two genes, however, share more than 77% homology in DNA sequence with the human DLEU2 gene. In rats, the gene hosting this cluster has not yet been identified. However, the sequence alignment showed that the 679-bp sequence that we identified from rat genomic DNA has more than 90% homology between rats and mice ( Supplementary Fig. 1 ), which indicates a DLEU2 homologous gene in this region. The miR-15a/16-1 cluster is in the reverse strand and has the same transcriptional orientation as the host gene DLEU2 (Fig. 3a) .
The miR-15b/16-2 cluster is hosted in the fourth or fifth intron of structural maintenance of the chromosome protein 4 (SMC4) genes. This cluster is in the forward strand and has the same transcriptional orientation as SMC4 (Fig. 3b) . There are four transcripts, 202, 203, and 204 , in humans, all of which encode proteins. There is one transcript, SMC4l1, in rats and there are two, SMC4-001 and SMC4-004, in mice. The SMC4 genes have been implicated in maintaining chromosome stability and dynamics. The genomic region of the miR15b/16-2 cluster is in a locus that is implicated in blood pressure, diabetes, and prostate cancer (http://www.ensembl.org). Expressions of the miR-15a/16-1 and miR-15b/16-2 clusters were detected using polyA tailing RT-PCR from adult rats. We found that individual miR-15a, miR-15a*, miR15b, miR-15b*, miR-16, and miR-16* were all expressed in brain, heart, liver, spleen, lung, kidney, small intestine and testis under physiological conditions. MiR-16 was found to be highly expressed in the heart, brain, small intestine, lung, and kidney, whereas miR-16* was not as highly expressed as miR-16 in the same tissues, although both were spliced from the same pre-miRNA. MiR-16 was transcribed from the first stem of the hairpin loop, whereas miR-16* was transcribed from the second stem after the hairpin loop (Figs. 4 and 5) . Mature miRNA sequences from miR-15a, 15a*, 15b, 15b*, 16, and 16* were aligned among humans, mice, and rats. The different nucleotides are indicated in underlined italics Fig. 3 miR-15a/16-1 and miR-15b/16-2 host genes. a The miR-15a/ 16-1 cluster is in the reverse strand and has the same transcriptional orientation as the host gene DLEU2. There are eight different transcripts of DLEU2, none of which encodes proteins. b The miR15b/16-2 cluster is in the forward strand and has the same transcriptional orientation as the host gene SMC4. There are four different transcripts of SMC4, all of which encode protein
Discussion
In this study we cloned and identified the primary miR-15a/ 16-1 cluster from rat genomic DNA, which is missing in the current rat genome database (http://www.ensembl.org or http://genome.ucsc.edu). Through sequence alignment we showed that both the miR-15a/16-1 and the miR-15b/ 16-2 cluster are highly conserved (Figs. 1 and 2) , which indicates that both clusters might have similar biological functions in different mammalian species. Therefore, the investigation of both clusters using a mouse or rat model may help us understand their roles in a variety of human diseases such as cancer and cardiovascular, developmental, and other diseases.
We found that the individual miRNAs spliced from both clusters were all expressed in the tissues we investigated. However, the expression level of the individual miRNAs was significantly different. For example, miR-16 was most expressed in the brain and heart, whereas expression of miR-16* was much lower than that of miR-16 in both tissues. The function of miR-16* is largely elusive and has not been studied yet. The targets of miR-16* may be different from those of miR-16 because the mature sequence of miR-16 is different than that of miR-16*. Therefore, miR-16* might play a different role in pathophysiological conditions by regulating different gene expressions. In the future, miR-16* functions should also be addressed while we study both clusters. The case was similar for miR-15a and miR-15b; Fig. 4 Secondary structure of rat miR-15a/16-1. a The secondary structure of rat pre-miR-15a was predicted using the RNA MFOLD program. The mature miR-15a sequence is displayed in italics; the miR-15* sequence is underlined. b The secondary structure of rat premiR-16-1 was predicted using the RNA MFOLD program. MiR-16 is shown in italics; miR-16* is underlined Fig. 5 The expression of individual miRNAs spliced from the miR-15a/16-1 and miR-15b/16-2 clusters was detected using polyA tailing RT-PCR from eight different tissues of 2-month-old SpragueDawley rats: 1, miR-15a; 2, miR-15a*; 3, miR-15b; 4, miR15b*; 5, miR-16; 6, miR-16*; 7, RT negative control. U6 noncoding RNA was also amplified as internal controls from different tissues. For RT negative control, the reverse transcription was run simultaneously with other samples without the reverse transcriptase. PCR was performed by detecting only miR-16 from each tissue; no PCR product was visualized from agarose gel. The template for negative control of U6 was selected from heart we found that both miR-15a* and miR-15b* were expressed in the tissues we investigated. Moreover, the expression of miR-15b was greater than that of miR15b* in the lung and small intestine, although we do not know the functional implications for the difference yet.
We compared the miR-15a/16-1 and miR-15b/16-2 clusters in terms of their chromosome location, host genes, and targets. The clusters are located in different chromosomes and have different host genes, although they have high sequence homology, which indicates a similar function in targeting the same genes. For example, both clusters were demonstrated to target the antiapoptotic gene Bcl-2 in several cancers (Bonci et al. 2008; Cimmino et al. 2005; Xia et al. 2008) . The miR15a/16-1 cluster is hosted in a noncoding DLEU2 gene, which is frequently deleted in CLL cancers (Elnenaei et al. 2003; Lerner et al. 2009; Mertens et al. 2009 ). DLEU2 does not encode protein but encodes an antisense RNA, which may regulate the LEU5 gene that encodes several transcripts with an open reading frame (Corcoran et al. 2004 ). The miR-15b/16-2 cluster is located in the host gene SMC4, which basically regulates cell chromosome stability, assembly, and segregation by forming a complex with SMC2 (Fujioka et al. 2002; Hirano 2002; Hirano and Hirano 2002; Kulawiec et al. 2008; Losada and Hirano 2005) . However, this cluster is found in a locus that may have implications in blood pressure, diabetes, prostate cancer, and other diseases. Interestingly, the miR-15a/16-1 cluster was found to be downregulated in prostate cancer (Bonci et al. 2008 ), although we do not know the function of the miR-15b/16-2 cluster in prostate cancer yet. However, considering the same seed sequence and targets of this cluster, it is highly possible that it plays a similar role to that of miR-15a/ 16-1 in prostate cancer. The same mature miRNA, miR-16, is produced from miR-16-1 and miR-16-2, which are in two different clusters. MiR-16 has been shown to target cell-cycle-regulating proteins such as cyclins D and E and CDK6, which also indicates that both clusters might coordinate or augment the functions of individual miRNAs spliced from both clusters. The major difference between the two clusters is in miR-15a and miR15b, which have four nucleotides that differ in mature sequence. However, the functional differences between miR-15a and miR-15b have not been revealed yet and need further investigation.
